Introduction
Genetically engineered (GE) crops have revolutionized agriculture, especially in pest management of weeds, insects and Genetically engineered (GE) insect-resistant crops that express proteins from Bacillus thuringiensis (Bt) have been widely adopted in the two fi eld crops currently commercially available, Bt cotton and Bt corn. However, the development and commercialization of Bt vegetables has lagged in comparison, which is unfortunate since vegetables tend to be insecticideintensive crops due to high pest pressure and cosmetic standards required for the market. While it is often stated that consumer choice has played a major role in companies avoiding development of Bt vegetables, this concept requires re-evaluation. In market studies in North America when consumers have been provided basic information about Bt genetic engineering, then given a choice between Bt and conventional sweet corn, they have often preferred the former. Likewise, 77% of consumers in a US survey said they would likely purchase foods produced through biotechnology for their ability to reduce pesticide use. Presently, however, the only commercialized Bt vegetable is sweet corn. Perhaps more critical obstacles to Bt vegetables are their relatively smaller acreages and the cost of government biosafety regulations that inadvertently favor large acreage of fi eld crops because companies can obtain a better return on investment. In developing countries, private-public partnerships may provide the vehicle to bring Bt vegetables to market. However, these can be subverted by misinformation from anti-biotech campaigns, as is the case with Bt eggplant in India. Without the use of Bt vegetables as a tool for integrated pest management, farmers and the general public will not be able to realize the substantial environmental and economic benefi ts that have been well documented with Bt cotton and Bt corn.
diseases. The commercial production of GE plants expressing proteins from Bacillus thuringiensis (Bt plants) is rightly considered another form of host plant resistance, 1 which is a cornerstone in the foundation of integrated pest management. 2 As such, Bt plants have the same benefi ts (e.g., reduced insecticide use) and the same risks (e.g., evolution of resistant insect strains). Bt plants have captured an increasing market share since their fi rst introduction in 1995. In 2010, 58.6 million hectares were grown to Bt corn and Bt cotton, 3 currently the only commercially available Bt plants. Only a small proportion of the Bt corn crop is for sweet corn, which is the only commercially available Bt vegetable. The benefi ts of Bt fi eld crops (cotton and corn) have been well documented in terms of reduced insecticide use, reduction in environmental impact and increased profi t to growers. 4 While this revolution in insect management in fi eld crops should be applauded, it is unfortunate that these benefi ts have largely not been realized for vegetables.
Vegetables are essential for well-balanced diets, supplying many essential nutrients not found in staple crops such as rice, wheat and corn. Additionally there is evidence that diets rich in vegetables can lower the risk of heart disease, strokes and several forms of cancer, as well as improve gastrointestinal health and vision. 5 Long-term studies in China have shown that plant-based diets provide increased longevity 6 and that vegetables fi ght the "Hidden Hunger" of malnutrition. Besides providing benefi ts to consumers, farmers involved in vegetable production usually earn much higher farm incomes compared with cereal producers, with per capita farm income up to 5-fold higher. 7 Worldwide, the area of arable land devoted to vegetables is expanding annually at 2.8%, a rate that is higher than for other crops. 8 Vegetables are high value commodities with high cosmetic standards; the main method of insect control has been the frequent use of traditional insecticides. 8 Although statistics for insecticide use worldwide are combined for vegetables and fruits (45% of total insecticide value), if vegetables were conservatively estimated to equal half of this total (22.5%), the insecticide use for vegetables would exceed that for corn (7.6%) plus cotton (14.1%) (Fig. 1) . The heavy dependence on insecticides in vegetables has pest management practices were used to protect them. When I talk with the general public, I fi nd that they are stunned that many of the plant products they regularly consume were created through the common plant breeding practice of mutation breeding, using radiation or mutagenic chemicals. Furthermore, they do not fi nd such descriptions palatable, much less enticing. Being largely naïve about food production, the public can be strongly infl uenced by marketing messages, whether true or false.
What is the public's perception of GE foods and how might it relate to Bt vegetables? The International Food Information Council (IFIC) (http://www.foodinsight.org) has conducted studies in the US for the past 14 y surveying consumers about their feelings toward GE food products. The 2010 "Consumer Perceptions of Food Technology" Survey was designed to gain insights into consumer perspectives on food technology. A key fi nding in 2010 was an awareness of sustainable food production and how it might infl uence consumers' likelihood to purchase foods produced through biotechnology. US consumers were largely familiar with the term "biotechnology"; more than twothirds of consumers (69%) had read or heard at least "a little" about the concept. However, only about one-third (32%) were somewhat or very favorable toward plant biotechnology, with about three in ten (29%) neither favorable nor unfavorable, and about two in ten (19%) somewhat or very unfavorable toward biotechnology. Interestingly, however, half (51%) of consumers say they were favorable toward farmers using biotechnology to grow more crops that would help meet food demand. Most importantly for Bt vegetables, more than three-quarters (77%) of consumers said they would be likely to purchase foods produced through biotechnology for their ability to reduce pesticide use. However, as of now in the US, the choice to purchase Bt vegetables is limited to sweet corn.
Labeling is another issue often discussed with regard to biotechnology in the food system. The IFIC survey found that consumers are generally satisfi ed with information currently provided on food labels. Eighty-two percent say they cannot think of anything additional they would like to see on the label. Of the 18% who would like to see additional information on the label, only 3% mentioned anything about biotechnology. However, I suspect that if a well-funded anti-biotech campaign spread misinformation about GE foods, this might change.
In countries like the United States, where food labeling is restricted to nutritional issues, and not how the product was produced, the public is largely unaware of whether a product is GE, contains GE food ingredients, or was created through mutation breeding. Such a regulation has allowed GE products to enter the food chain much more readily than in countries where regulations mandate identifi cation of GE-developed products, such as in the European Union. While the rationale behind labeling is often described as providing consumers with a choice on how their foods were produced and implies that they may gain information about its safety, in reality it does neither. It singles out GE products from other methods of breeding and does not provide any information on how pests were controlled in the absence of the GE technology. Additionally, many consumer labels are so vague as to be unhelpful. For example, if a label states that the product resulted in instances of high insecticide residues on the marketed product, the evolution of resistance in many insect species and negative impacts on human health and the environment. 8 What is the present status of Bt vegetables globally, and why has their development languished while Bt fi eld crops continue to capture an increasing share of the market? The answers are complex and involve many factors, some unique to GE crops in general, while others are more specifi c to individual vegetable groups or to individual countries. The purpose of this review is to highlight important issues that have constrained the development and commercialization of Bt vegetables, and to propose actions that could help facilitate their commercialization.
Public Acceptance of Bt Vegetables and Labeling Issues
Certainly, questions about the public perception of GE crops have played a role in biotech companies' strategic plans for producing and marketing Bt vegetables. Likewise, food processors and retailers are important players in determining whether they will use GE crops. These players have been reluctant to be the fi rst in line to produce, process or sell GE vegetables, despite their frequent verbal support of the science behind the products. If retailers perceive that their customers do not want GE vegetables, then companies that could develop them will not do so. Certainly, multinational companies have shown a nervousness about consumer acceptance of GE foods, as opposed to feed, fuel and fi ber. This is especially true for GE foods that may be exported to the European Union. What is meant by public acceptance of a product, how is it measured, and how do companies judge whether to move a specifi c product into the food chain? Cultural differences are important, but education and advertising also play an important role. The public in developed countries like the United States, where <2% of the general public farms on a commercial scale, is largely unaware of how their food plants were bred and what agreements and treaties, lack of public sector research to generate data assessing the safety of GE crops, risks to export markets that ban GE crops, and high regulatory costs will all hinder the commercialization of GE crops.
11 This is especially true for small market ("orphan") crops such as Bt vegetables. What is particularly tragic about this situation is that it is in developing countries where these products would provide the most benefi t, as is the case with Bt eggplant in India, Bangladesh and the Philippines (see discussion below).
The present worldwide regulatory framework is based on registration of individual transformed lines (i.e., events) that express the trait of interest, such as insect resistance with an insecticidal crystal (Cry) protein from Bt. This situation disadvantages vegetables even more than fi eld crops like cotton and corn. Events serve as the breeding material for producing hybrids or open pollinated lines. For example, MON810 is the Monsanto corn event registered in 1996 that produces Cry1Ab, and has been used as the basis for breeding many cultivars of Bt corn. 12 Since each event must produce its own regulatory dossier of environmental and human health studies, that event must be widely used to recoup registration costs. Selling large quantities of corn seeds, all with MON810 as one of the parent lines, can adequately compensate the producer for the expense of registering MON810. Single Bt events of either corn or cotton can be used for many years to produce the hybrids needed for the market. The advanced breeding techniques in corn also contribute to the ease of moving one event through multiple lines. This results from the massive investment in breeding that is made in commodity crops but less so in specialty crops. Market size is the ultimate driver. Therefore, the return on investment can be positive for these widely grown fi eld crops.
Vegetables are inherently different. Within a particular species such as tomato, Solanum lycopersicum, there is a tremendous variation in plant type. Slicing tomatoes are used primarily for fresh eating, plum tomatoes for sauce and paste, and cherry and grape tomatoes for salads. Each tomato type (as well as cultivar) is the product of specifi c parental lines that contribute specifi c characteristics such as fruit shape and color, as well as plant growth habit (e.g., determinate, indeterminate, etc.). Thus, registering individual Bt events for different tomato types is more complex and expensive and less likely to have an adequate return on investment than a large acre fi eld crop. This situation is repeated in most other vegetables and disadvantages the commercialization of Bt vegetables compared with Bt fi eld corn and Bt cotton. Tomato may the exception since it is often grown in large blocks of land, has a substantial farm gate value, and is subject to high losses by Lepidoptera. If the economics for Bt tomatoes prove to be favorable, then it is likely that they will be commercialized despite the existing event-based regulation.
However, strong arguments can be made that event-based registration is an ineffi cient, costly and scientifi cally unjustifi ed policy that has the consequence of limiting the availability of Bt crops, especially Bt vegetables. The transformation of a plant line to express a Bt protein is now routine, and even the diverse parental lines needed in tomato breeding programs could be met if the regulatory process were modifi ed to have less emphasis on the "may contain" an ingredient derived through GE, this provides little concrete information to the consumer. Furthermore, with the nearly ubiquitous presence of GE corn and GE soybean in processed foods in the United States, would the consumer really have a choice with many of the common foods found in grocery stores?
What happens when consumers are given a clear choice between purchasing Bt vegetables and conventional vegetables? Such studies are rare since the only presently available Bt vegetable in the US and Canada is sweet corn. In a study conducted in a farm market in Canada in which bins of sweet corn were labeled as Bt or conventionally produced, with detailed descriptions of what this meant and how insects were controlled, Bt sweet corn outsold the conventional corn 60:40. 9 In this same trial, the majority of consumers interviewed said they were more concerned about pesticides than genetic engineering. In another study in nine participating grocery stores in the Philadelphia area, consumers were given a choice of Bt sweet corn and the same variety without the Bt trait. 10 The two products were labeled and sold side-by-side; sales data indicated a market share of Bt sweet corn of approximately 45%, with store-specifi c shares varying from 10 to 80%. Over 700 surveys were collected in stores and only 65% of respondents noticed that there were two types of sweet corn for sale despite the labeling and merchandising; 87% spent one minute or less choosing their sweet corn. Only 16% volunteered that the biotechnology trait infl uenced their purchase decision. About 40% of the sample purchased some Bt sweet corn, with several respondents purchasing some of each. These results also suggest that the costs of a mandatory labeling policy would not be justifi ed by the relatively minor infl uence the use of biotechnology had on purchasing decisions.
These two studies suggest that other Bt vegetables may have a good chance of being adopted if they are produced and have other qualities that seem more important to the general public, at least in North America, such as color, freshness, taste and other sensory attributes. Whether the public will actually have the opportunity to make such choices depends on other factors that will infl uence the future availability of Bt vegetables.
Regulatory Issues
Regulatory issues, besides the labeling issues mentioned above, infl uence the commercialization of Bt vegetables. Following the present worldwide regulatory framework, as described by Matten et al. registration of Bt vegetables requires an assessment of the effects of the insecticidal trait on non-target organisms as well as other potential adverse environmental impacts, such as the evolution of resistance to target pests.
The development of Bt crops will be helped or hindered depending on the philosophy and regulatory process of an individual country. 11 The outcome of each country's regulatory system is dependent on its scientifi c capacity, fi nancial resources and risk management goals. Thus, there is tremendous variation in each country's ability to commercialize Bt vegetables, or any other GE crop. Absence of well functioning regulatory systems, especially in developing countries, misunderstanding of international growers were able to reduce insecticide costs. NewLeaf TM Plus was grown mainly in the Pacifi c Northwest. The added virus resistance benefi ted seed producers and commercial growers benefi ted from reduced need for insecticides. However, these benefi ts were short lived.
Growers had concerns about the mandated refuge of a nonBt potato for resistance management, something that was not required for traditional insecticides, and also the requirement that they could not save potato seed for future plantings. There were also concerns about the pricing system of Monsanto, which had a sliding scale depending on where the potatoes would be planted and the corresponding pest pressure. Another factor was the registration of a new insecticide, imidicloprid, which when applied in-furrow, gave excellent control of L. decemlineata and provided control of other pests such as aphids and leafhoppers at no additional cost. 16 Imidacloprid offered growers a conventional alternative for L. decemlineata control without being limited by varietal selection. But the fi nal blow to Bt potatoes was the antibiotech campaign aimed at consumers. In response, the processing industry became concerned that their market share could be negatively impacted in Europe and Japan. Finally, McDonald's Corporation's decision to ban GM crops from its restaurant chain had a major impact on the market. With such forces against growth of this technology and the fact that at its peak only 3% of the US potato acreage was Bt potatoes, 17 Bt potatoes did not have a viable future. Nature Mark, which marketed the product for Monsanto, dissolved after the 2001 season.
It appears that management of the recalcitrant L. decemlineata will continue to rely on insecticides for the foreseeable future, an ironic outcome for those interested in reducing the use of traditional pesticides. Meanwhile, research efforts are continuing on use of another gene, Bt cry1Ia1, for controlling the potato tuberworm, Phthorimaea operculella [Zeller], a particularly devastating insect in many parts of the world. This project is headed by Michigan State University, with funding by the US Agency for International Development, and the developers hope to bring Bt potatoes to farmers in South Africa and Egypt.
14 The failure to commercialize the product as of February 2012 has been quite complex with political and fi nancial issues rather than effi cacy or other science-based issues with the technology. Whether it will eventually suffer the same fate as NewLeaf TM potatoes did in North America remains to be seen.
Sweet Corn
Sweet corn has been the most successful Bt vegetable to date, but its history has also not been a smooth ride. First introduced into the North American market in 1998 by Novartis Seeds, it was based on event Bt 11, which expresses Cry1Ab and had already been registered for fi eld corn in 1996. 12 (Such piggy-backing on an event registered for fi eld corn substantially reduces registration costs for sweet corn.) By 1999, Bt sweet corn was grown on over 30,000 acres in the US. 18 However, like Bt potatoes, it also became caught up in the anti-biotech fervor and in 2000 was grown on less than 3,000 acres. It was not possible to obtain fi gures for area grown to Bt sweet corn after 2003, but at that time specifi c event and more on the safety of the Bt protein. If a Cry1A protein is expressed in different events, what scientifi c rationale warrants that registration of each event require testing of Cry1A against a suite of non-target organisms or be assessed for toxicity and allergenicity to humans? From a scientifi c standpoint, it would make more sense if the emphasis of regulation were on the Cry1A protein rather than the event that expressed the protein.
For example, once a particular Cry protein is approved based on studies of toxicity, allergenicity, ecotoxicoloy and effects on nontarget organisms then, no matter what crop the Cry protein is expressed in, additional studies for these aspects should not be required. Some other studies on the particular event, however, would be required and these would include expression levels of the Cry protein in the plant (needed for insecticide resistance management programs) and other agronomic studies (e.g., yield and fi eld performance). However, the major biosafety emphasis should be on the Cry protein itself. In the US, the Animal Plant Health Inspection Service (APHIS) is considering an alternative of a "trait-based approach" in which GE plants would be regulated based on the engineered genes in the plant (the genotype) and the traits resulting from those genes (the phenotype). This approach would allow plants that have the same transgene and phenotype as a previously deregulated GE plant to be considered "familiar" and thereby not trigger regulation. 13 Such a regulation would also allow APHIS to concentrate its resources on those organisms that exhibit novel phenotypes.
Based on the familiarity and safety of the currently used Cry proteins, regulatory agencies not only in the US but worldwide should move toward a registration that emphasizes the Cry protein regardless of what crop it is expressed in. This would greatly facilitate the development of much needed insect-resistant crops, such as Bt vegetables.
Bt Potatoes
Depending on the region of the world, potatoes are considered either a fi eld crop or a vegetable. They will be discussed here as a vegetable because of their unique historical role in the United States where they are considered a vegetable. Grafi us and Douches 14 provide an interesting history of Bt potatoes and the following is a summary of their publication. Potato cultivars expressing the Bacillus thuringiensis var tenebrionis Cry 3A toxin for resistance to the Colorado potato beetle, Leptinotarsa decemlineata Say (cv NewLeaf TM , Monsanto Corp.,) were the fi rst GE food crop approved for human consumption, and were the fi rst GM crop to be commercially produced in the USA (1995). In 1997 the release of the Bt cry3A potatoes combined with either resistance to potato virus Y, or to potato leaf roll virus, were referred to as NewLeaf TM Y and NewLeaf TM Plus, respectively. 15 When NewLeaf TM cultivars were introduced in 1995, 1,500 acres were grown commercially; as seed stocks increased, the commercial acreage reached 50,000 acres. Market success of NewLeaf TM , NewLeaf TM Y and NewLeaf TM Plus potatoes could be attributed to the diffi culty in controlling L. decemlineata, and also high pest populations of aphids and associated virus problems due to mild winters in the Pacifi c Northwest. 16 With NewLeaf TM potatoes, sweet corn. It seems that the future of Bt sweet corn is promising, and two other Bt vegetables may share a similar future, although they too have had a rough start.
Crucifers
As summarized by Shelton et al. 8 Cry1 Bt genes have been introduced into several Brassica species, conferring resistance to the diamondback moth, Plutella xylostella (L.), the main insect pest of crucifers worldwide, 27 as well as other Lepidoptera. Our program's early impetus for using Bt brassicas was as a research tool to study insecticide resistance management (IRM) strategies, since P. xylostella was the only insect to have evolved resistance to foliar sprays of Bt in the fi eld. 28, 29 Through a collaborative program with E.D. Earle, also at Cornell, Bt crucifers of different types were produced and studies were undertaken using this model system. Results over the past 15 y have led to the following key fi ndings that have implications for commercialized Bt crops and those yet to come. Studies have confi rmed the importance of refuges in maintaining susceptible alleles in the population; 30 34 and demonstrated the lack of toxicity by a Cry1 toxin to a hymenopteran endoparasitoid. 35 While these fi ndings from this model insect-Bt plant system have been helpful for understanding IRM and biological control in current commercialized Bt crops (corn and cotton), they also prepared the way for the introduction of commercialized Bt brassica vegetables.
It was the ability of the high-expressing pyramided Bt plants to delay evolution of Bt resistance in P. xylostella populations that led to the formation of a private-public partnership called the Collaboration on Insect Management for Brassicas in Asia and Africa (CIMBAA) in 2003. 8, 36 The original partnership involved Nunhems, a major vegetable breeding company located in The Netherlands, and the following public partners: the Asian Vegetable Research and Development Center in Taiwan (AVRDC); the Centre for Environmental Stress and Adaptation Research at the University of Melbourne in Australia; Cornell it had risen to over 5,000 acres and was marketed by Syngenta Seeds.
As reported by Shelton et al. 8 studies in New York have shown Cry1Ab to be very effective against the European corn borer, Ostrinia nubilalis (Hübner), providing 100% clean ears when no other lepidopteran species were present and >97% when the two noctuids, Spodoptera frugiperda (Smith) (fall armyworm) and Helicoverpa zea (Boddie) (corn earworm), were also present. 19 Studies in other states have shown that Bt sweet corn provided consistently excellent control of the lepidopteran pest complex. [20] [21] [22] [23] [24] However, under very high pressure by H. zea, supplemental sprays of synthetic insecticides often are required. By using appropriately timed insecticide applications with Bt sweet corn varieties, fresh market sweet corn growers in North Carolina have been able to extend their production later into the season, when populations of H. zea and S. frugiperda are generally too high to control satisfactorily with insecticide applications alone. Even when two insecticide sprays are required on Bt11 sweet corn (e.g., for late season control of H. zea), an economic assessment in Virginia found a gain of $1,777/ha for fresh-market Bt sweet corn vs. non-Bt sweet corn sprayed up to six times with pyrethroid insecticides. 24 As with Bt cotton and Bt fi eld corn, there is a trend to using multiple Bt toxins in sweet corn to enhance performance across a range of species. Thus, trials conducted in Maryland and Minnesota under high H. zea pressure have indicated superior control, compared with Bt11, with sweet corn expressing both Cry1Ab endotoxin (Bt11 event) and the vegetative insecticidal protein VIP3A (MIR 162 event). 25 In 2010 and 2011, multiple location trials were conducted in the US with a Monsanto product identifi ed as MON QHB9004 (derived from event 89034) that expresses Cry1A.105 and Cry2Ab2. In New York in 2010, this product provided ≥99% clean ears even under very high pressure H. zea, without the use of foliar sprays of a commonly used pyrethroid insecticide, lambda cyhalothrin (Warrior II). This is in stark contrast to the non-Bt variety 'Obsession', which had only 18% clean ears even with 8 sprays of Warrior II ( Table 1) . Monsanto received registration in 2011 for this product under the trade name of Obsession II. Growers may rapidly adopt this product, and similar dual Bt gene products, because of its increased effi cacy against H. zea, which is becoming more problematic in the northern US due to its increased abundance and its earlier arrival compared with historical trends. However, a stumbling block may be an emerging noctuid lepidopteran pest, the western bean cutworm (Striacosta albcosta (Smith)), which is not susceptible to Cry1A or Cry2A. It may be useful to pyramid another protein, Cry1F, to obtain control of this emerging pest in sweet corn, as has been done in fi eld corn. Again, this might lead to another example of piggy-backing on technology developed for a fi eld crop.
Unlike Bt potatoes that are primarily marketed as processed food (e.g., fries and chips) in the US, the value of fresh market sweet corn in 2009 was much greater than processed sweet corn ($835 vs. 335 million). 26 Not having a major consumer target, such as was the case with McDonald's and Bt potatoes, makes it less likely that pressure from anti-biotech forces would derail Bt Means (±SE) followed by the same letter within a column are not significantly different (Fishers LSD means separation test, p > 0.05). a Sweet corn was treated from tassel to harvest using a ground sprayer.
b Obsession II is the isoline of Obsession but expresses Cry IAb and Cry2Ab and was commercialized in the US in 2010.
product (Bt eggplant) would ever make it to market (see below). While costs and organizational factors played a role in dissolving CIMBAA, perhaps the fi nal blow was the question of liability. There were no clear guidelines or precedents in the Indian regulatory system to help either party know exactly what this liability meant, and Bayer, the parent company of Nunhems, insisted that the government of India or the public sector of CIMBAA bear liability for the product. Neither party agreed to do this. While there is still on-going research on Bt crucifers in India and other parts of the world, including China, I am not aware of any plans for commercialization in the near future.
Eggplant
The Bt eggplant (brinjal) story in India was summarized by Shelton. 39 Eggplant, Solanum melongena, is a widely cultivated vegetable in India grown on 560,000 ha in 2008. 40 Eggplant, along with tomato and onion, is the second most important vegetable in India and is considered the most affordable, so is consumed in a wide variety of dishes popular throughout India. As with most solanaceous vegetables, eggplant has a diverse pest complex of insects and diseases, but the most serious is the fruit and shoot borer (FSB), Leucinodes orbonalis. As is typical with this insect family, preventing injury relies on the diffi cult task of using well-timed insecticide applications before the eggs hatch into larvae that bore into the stems or fruits of the plant. In India FSB causes yield losses of 60-70% even after repeated insecticidal sprays, resulting not only in signifi cant crop losses but hazards to human health and the environment. 40 About 30% of the eggplant area is grown to hybrids, while open pollinated varieties (OPV), which are less expensive and geared for resourcepoor farmers, account for the rest. 41 In a survey conducted in Maharashtra in 2005, growers sprayed an average of 27 times, although some sprayed more than twice this during the season with most of the sprays occurring during fl owering and ripening to prevent damage by FSB. 41 In many cases, this resulted in daily spraying to the fruit even at harvest, high insecticide residue levels, a potential hazard to consumers and earned eggplant the moniker of a "pesticide bomb." A similar situation occurs in Bangladesh where 8 million farmers grow eggplant, and in the Philippines where eggplant is grown on 20,000 ha (http://www. absp2.cornell.edu/projects/project.cfm?productid = 2).
The transformation of Bt eggplant was fi rst begun in 2000 by the Maharashtra Hybrid Seed Company (Mahyco) in India, under a partnership with Monsanto and using its cry1Ac gene, which had already been widely used in Bt cotton in India. Control of FSB by Bt eggplant was demonstrated in greenhouse trials and, in late 2003, a partnership was developed with Mahyco, Cornell University and the United States Agency for International Development (USAID) under the Agricultural Biotechnology Support Program II (ABSPII) (http://www.absp2.cornell.edu/ projects/project.cfm?productid=2). Each group shares in the responsibility to bring Bt eggplant to market, but what is unique is that the partners proposed two market channels: a "pro-poor" for the distribution of OPV lines created by local agricultural universities, and the "normal" channel through which the higher University in the US; and the Natural Resources Institute, University of Greenwich-UK. The initial goal of CIMBAA was to make the dual-Bt technology available in varieties that are optimally adapted to growing conditions for cabbage and caulifl ower in India, and then other countries in Asia. It was decided that the CIMBAA plants would use Cry1Ba2 and Cry1Ca4 genes, because they had been shown to be effective against P. xylostella, and cross-resistance between the two toxins was not detected. 37 Additionally, studies had shown that resistance to Cry1C in P. xylostella is polygenic, 38 making it more diffi cult for the insect to evolve resistance. Because the material would be transferred to brassica breeders, it was important that the integrity of the material be maintained. Therefore, Nunhems focused on placing the two genes so closely linked on the chromosome that they would not be separated in conventional breeding programs, thus ensuring that lines originating from them would contain the pyramided genes.
Laboratory and greenhouse studies in 2006 with CIMBAA breeding lines showed potential, and cabbage and caulifl ower elite events showed high levels of resistance under fi eld conditions in 2008 and 2009, not only to P. xylostella but also to other lepidopterous pests, including Hellula undalis (F.), Crocidolomia binotalis (L.) and Diacrisia obliqua Walker. However, the elite events displayed lesser control of Spodoptera litura F. and Helicoverpa armigera (Hübner), so that other integrated pest management (IPM) interventions would be needed. Baseline studies of susceptibility to these two toxins were conducted in 2006-7 in India and other regions where CIMBAA plants were intended to be commercialized. 8 To help lay the groundwork for commercialization of CIMBAA plants, an article was published 36 which provided worldwide justifi cation based on biological, sociological and economic considerations. However, in May 2010, Nunhems informed all CIMBAA partners that they no longer intended to continue with the development of Bt crucifers.
The reasons for the demise of CIMBAA are varied but point again to the diffi culty of bringing Bt vegetables to market, despite their clear need. The proposed activities of CIMBAA were comprehensive and included not only the technical development of the plants by Nunhems, but also safety assessments of the proteins, environmental risk assessment of the plants, product registration in different countries, communication to growers and the public, pre-and post-release studies, building the IPM context for the plants, and stewardship of the fi nal product. Likewise, the number of parties was large and included government and non-government agencies in India and other countries. As a private-public partnership, the goals and obligations of each partner were complex. The original idea was that the public sector would develop and fi eld test the plants and that the public sector would have a major role in developing the information needed for the regulatory dossier, developing the IPM context for the plants, and distributing the breeding material to breeders in developing countries to create lines suitable for their local needs. Funding for the public sector was very limited and hampered CIMBAA's efforts. Furthermore, the private sector became concerned about its burgeoning multi-million dollar effort on Bt crucifers in an Indian market that was already debating whether a more advanced he supposedly based his decision have been addressed, and six institutions representing India's top scientists (three academies of science and the academies of agriculture, engineering and medicine) have given their joint and unanimous backing of Bt eggplant (http://news.sciencemag.org/scienceinsider/2010/09/ indias-scientifi c-leadership-endorses.html). In a particularly critical review of Ramesh's decision, C.K. Rao, from the Foundation for Biotechnology Awareness and Education in India, points out the biological, agronomic, political and cultural errors on which the Minister based his decision, including the claim that India is the center of origin for eggplant and that Bt eggplant would disrupt the biodiversity (www.whybiotech.com/resources/tps/ Moratorium_on_Bt_Brinjal.pdf). As Kolady 41 points out, the moratorium was conveniently invoked based on the precautionary principle, yet resulted in continued over-use of "deadly" insecticides.
On the other hand, fi eld trials of Bt eggplant are continuing in Bangladesh and the Philippines and ABSPII is optimistic for approval in these countries. In conversations I had with the Minister of the Environment and the Minister of Agriculture from Bangladesh in the summer of 2011, they indicated verbal support for Bt eggplant and advised that anti-biotech NGOs have little presence in Bangladesh, so would not be able to have the impact that Greenpeace and other anti-biotech NGOs did in India where it is rumored they spent $100 M on efforts to derail Bt eggplant. One has to ask whether approval of Bt eggplant in Bangladesh would result in illegal plantings in neighboring India. It should be remembered that illegal plantings of "stealth" Bt cotton seeds occurred in India prior to their approval by the Indian government; the only reason approval was granted was due to the threat of a farmer strike if not approved. 44 According to discussions with members of ABSPII, indications are that the Philippines are on track to approve Bt eggplant within a couple of years.
Conclusions
The fi rst Bt vegetable was developed by Fischhoff et al. who engineered tomato plants resistant to tobacco hornworm (Manduca sexta) and the tomato fruitworm (Heliothis virescens). Since that time, many other Bt vegetables have been developed but only potatoes and sweet corn have been commercialized, and only sweet corn remains on the market. Meanwhile the area planted to Bt fi eld crops (cotton and corn) continues to increase; in 2010 they were grown on 58.6 Mha globally. 3 Why are there such differences? As discussed above, there are a complex of issues, but it appears to me that two are the major impediments, and they are interrelated. The fi rst is the present regulatory system that requires event-based registration, rather than the more scientifi cally justifi ed registration of the expressed Bt protein. The present system results in very high costs without any increased safety. The second is the complexity of vegetable breeding for so many different vegetable types and the rapid turnover of commercial cultivars that results in an unfavorable economy of scale for most vegetables. However, this is inherent in vegetable breeding regardless of whether the crop priced hybrid varieties would be sold and Mahyco would recover some of its investment.
As with any GM crop, the Indian regulatory system requires a number of studies, all of which were completed, including: toxicity, allergenicity, animal feeding, pollen fl ow, food equivalency, non-target organisms, large scale fi eld trials as well as studies on the socio-economic impact of Bt eggplant. Additionally, an insecticide resistance management program and product stewardship program were required (many of these reports can be seen on the website, http://www.envfor.nic.in/divisions/csurv/ geac/information_brinjal.htm).
Field trials have been conducted since 2003-4. Krishna and Qaim 42 analyzed these trials and surveyed eggplant farmers in the Central/South and East regions of India, and estimated that the farmers' gross margins in these areas would increase by Rs. 16,299/acre ($361) and Rs. 19,744/acre ($437), respectively. They noted that yields of Bt hybrids were double those of non-Bt counterparts and, nationally, they estimated the aggregate economic surplus gains of Bt hybrids could be around $108 million/year, with consumers capturing a large share of these gains. Furthermore, farmers would realize an additional $3-4 million per year in health benefi ts from the reduced insecticide sprays, but that this is "only a small fraction of the technology's environmental and health externalities." 42 On 14 October 2009, the Genetic Engineering Approval Committee (GEAC) of India approved the commercial cultivation of transgenic Bt eggplant. However, on 9 February 2010, Mr. Jairam Ramesh, the Minister of the Environment and Forests of the Indian Government, imposed a moratorium on Bt eggplant until "such times independent scientifi c studies establish, to the satisfaction of both the public and professionals, the safety of the product from the point of view of its long-term impact on human health and environment…" (http://moef.nic. in/downloads/public-information/Annex_BT.pdf). It appears that Mr. Ramesh's action was due to pressure by Greenpeace and other anti-biotechnology NGOs (non-government organization) that sent thousands of faxes and emails urging him to ban the cultivation of Bt eggplant, as well as his public hearing meetings which were often disrupted by anti-biotechnology activists. Why are some NGOs against Bt eggplant? Greenpeace, perhaps the world's largest and most powerful NGO on environmental issues, has taken an antibiotech stand in agriculture (http:// www.greenpeace.org/international/en/campaigns/agriculture/). However, a careful reading of the information they present indicates their position is based on anti-globalization and anti-capitalization issues, rather than the biology and ecology of biotech crops in agriculture. They fail to report the positive benefi ts of pesticide reduction through the use of GE crops and have used fear and misinformation to undermine the use of GE plants. An analysis of their tactics is described by Davidson's article 43 on GE virus-resistant papaya in which she exposes their tactics and documents how Greenpeace uses their opposition to GE crops as a major fundraising message.
It is clear to me that Mr. Ramesh's moratorium decision was based on political pressure rather than on the body of scientifi c evidence. Subsequently, the scientifi c questions on which noted that even this crop was commercialized only after its event (Bt 11) had already been registered and commercialized in fi eld corn. The same piggy-back situation occurred with Obsession II, a new dual Bt gene sweet corn, which was based on an event already registered in fi eld corn.
In India there was hope that Bt eggplant would have a much smoother path to commercialization than it has had, and that it would become the fi rst Bt food crop grown there. The need for the crop is undeniable because of the high pesticide load non-Bt eggplant incurs, the direct fi nancial benefi t to growers, and the increased safety to consumers and farm workers. 42 But India is an incredibly complex society whose regulations can be disrupted by politics and special interest from the outside. In time, Bt eggplant will be grown in India to help feed its 1.1 billion people, the majority of whom are poor farmers. But the question is whether it will come from "stealth" seeds, as was the case with Bt cotton, 44 or whether it will come through a well-functioning Indian regulatory system. is GE or not. A Bt gene can be inserted into vegetable breeding material routinely and inexpensively nowadays, so the real problem gets back to the event-based registration. If Cry1Ab were cleared for all tomato types (and other plant families), then Cry1Ab could become common in tomato breeding material. Thus, event-based registration appears to be the major hurdle for Bt vegetables.
While consumer preference is often suggested as a major reason for consumers not purchasing GE crops, in truth, consumers have had little opportunity to make such a choice. Either the GE products are not available to them (e.g., Bt tomatoes) or the products they purchase (e.g., cereals) are not labeled, so they are unaware of ingredients from GE crops. The studies by Powell et al. and James et al. 10 suggest that, when consumers are provided information about choosing Bt sweet corn, it sells as well as, if not better than, conventionally grown sweet corn. The 2010 report by IFIC also suggests that consumers would not avoid Bt vegetables if they were available and had other characteristics that were more important for the majority of consumers: freshness, color, taste, etc. Whether consumers will be able to eventually make that choice for Bt vegetables is unclear. For now, consumers in the United States, Canada, the Philippines and a few other countries can choose only one Bt vegetable, sweet corn. It should be
